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The signal

- A hint of light Higgs signal around 124-126 GeV.

95% CL exclusion on the signal strength 
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Zoom in:

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV
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Tevatron

15

Upper Limits on BEH Boson Production

! 95% C.L. upper limits on SM Higgs boson production at the Tevatron

! Expected exclusion:   100 < M
H
 < 120 GeV       141 < M

H
 < 184 GeV

! Observed exclusion:  100 < M
H
 < 106 GeV        147 < M

H
 < 179 GeV
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Interpretation.

- It’s the Higgs boson. Measured the last 
parameter of the Standard Model. 
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Interpretation.

- It’s the Higgs boson. Measured the last 
parameter of the Standard Model. 

- It’s the Higgs boson. Implications for new physics 
scenarios.

- It’s not the Higgs boson. Radion, ... 

- It’s not a signal. Hidden Higgs, no Higgs.

This talk
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Why new physics?

- Large classes of new physics models have 
partners: SUSY, little Higgs, etc.

- Partners couples to Higgs. 

Tuesday, May 29, 2012



Why new physics?

- Electroweak precision. 
125 GeV is fine, but 
somewhat more 
uncomfortable than 115 
or 90. NP to fix it?
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More: Dark matter,  baryogensis ....
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How might NP show up?

- Being directly produced and detected at the LHC. 
SUSY: superpartners.

Composite Higgs (extra dim): resonances. 

- Modification of Higgs production and decay. 

h
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b, τ,	 g...
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hiding Higgs mixing

γ, g

γ, g

Loop of NP

SM
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- Being directly produced and detected at the LHC. 
SUSY: superpartners.

Composite Higgs (extra dim): resonances. 

- Modification of Higgs production and decay. 

h

a
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hiding Higgs mixing
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Any hints?
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gg→h enhancement?

- Maybe not. 

- No excess in WW. 

H → WW
(∗) → �ν�ν: Background compatibility

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 35/24

Fitted signal strength !/!SM 
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h→γγ higher than SM prediction?
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Figure 8: The best-fit signal strength µ = σ/σSM as a function of the Higgs boson mass hypothesis for

the H → γγ (a), the H → ZZ(∗) → !+!−!+!− (b) and H → WW (∗) → !+ν!−ν (c) individual channels.

The µ value indicates by what factor the SM Higgs boson cross-section would have to be scaled to best

match the observed data. The light-blue band shows the approximate ±1σ range.

15

Fitted signal strength !/!SM 
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h→γγ higher than SM prediction?

- Over interpreting, of course. 

- But, it is fun to see what it might mean if this is 
true.
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This talk. 

- Higgs mass in SUSY.

- Enhancement of h→γγ.

- A possible connection with EWPT. 

Tuesday, May 29, 2012



Higgs in SUSY.
~ 70 papers so far, > 80% on SUSY

- Implications of mh = 125 GeV?

- Accommodate significant modifications of Higgs 
pheno? 

Tuesday, May 29, 2012



SUSY and mh = 125 GeV

- SUSY prefers light Higgs.
A bit heavy for MSSM. But certainly possible.  

Is heavy scalar reasonable? Maybe.

Could have benefits: flavor, CP.

Giudice, Strumia, 2011

Tuesday, May 29, 2012



In detail: 
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Ãt = At − µ cot β , (3)

where At is the trilinear Higgs-stop coupling and µ is the Higgsino mass parameter.

The above expression is only valid for relatively small values of the splitting of the stop

masses. For larger splittings between the two stop soft masses, similar expressions may be

found, for instance, in Refs. [8]–[14]. Eq. (1) has a maximum at large values of tan β and

At � 2.4MSUSY in the D̄R scheme, and as claimed in the introduction, gives mh ∼ 130 GeV

for a top quark mass of about 173 GeV and MSUSY of the order of 1 TeV. The Higgs mass

expression in Eq. (1) is modified by thresholds effects on the top-quark Yukawa coupling,

which depend on the product of the gluino mass and At, and which induce a small asymmetry

in the Higgs mass expression with respect to the sign of At, leading to slightly larger values

for positive AtM3 [12].

There are additional contributions to Eq. (1) that come from the sbottom and slepton

sectors which can be important at large values of tan β. The sbottom corrections are always

negative and are given by

∆m2
h � −h4

bv
2

16π2

µ4

M4
SUSY

�
1 +

t

16π2
(9h2

b − 5
m2

t

v2
− 64πα3)

�
, (4)

where the bottom Yukawa coupling hb is given by

hb �
mb

v cos β(1 + tan β∆hb)
, (5)

and ∆hb is a one-loop correction whose dominant contribution depends on the sign of µM3 [25,

26, 27]. Positive values of µM3 tend to reduce the Yukawa coupling which therefore reduces

the negative sbottom effect on the Higgs mass, while negative values of µM3 enhance the

Yukawa coupling and may diminish the Higgs mass for large values of tan β.
Similarly, the corrections from the slepton sector are,

∆m2
h � −h4

τv
2

48π2

µ4

M4
τ̃

, (6)

where Mτ̃ has been identified with the characteristic stau spectrum scale and we have ignored

the logarithmic loop corrections. The τ Yukawa coupling, hτ , is given by

hτ � mτ

v cos β(1 + tan β∆hτ )
, (7)

2

gets [8]

m2
h � M2

Z cos
2
2β +

3

4π2

m4
t

v2

�
1

2
X̃t + t+

1

16π2

�
3

2

m2
t

v2
− 32πα3

��
X̃tt+ t2

��
, (1)

where

t = log
M2

SUSY

m2
t

. (2)

The parameter X̃t is given by

X̃t =
2Ã2
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t

12M2
SUSY

�
,
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Figure 1: Contour plots of the Higgs mass in the mQ3 −−mu3 plane, for different values of At and

tanβ. The stau soft masses have been fixed at m2
L3

= m2
e3 = (350 GeV)

2
, while µ = 1030

GeV and Aτ = 500 GeV, leading to a lightest stau mass of about 135 GeV for tanβ = 60.

The lightest stop masses are overlaid in dashed black lines.
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Less tuned?
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Extensions of MSSM

- MSSM
Higgs quartic from SM D-term

mh = 125 GeV needs MSUSY ≫ Mtop 

- Extensions → new quartic coupling?
F-term models NMSSM, ....
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Extended gauge symmetry

- New non-decoupling D-term. 

- Simplest possibility, a new U(1)’. 
SSB near weak scale.

Higgs charged under this U(1)’, qh≠0. 

- A new U(1)’ also implies additional states.
New Higgs field for the U(1)’.

Could have new exotics from anomaly cancellation.

Batra, Delgado, Kaplan, Tait,  hep-ph/0309149
Maloney, Pierce, Wacker, hep-ph/0409127
Zhang, An, Ji, Mohapatra, 0804.0268
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Choice of U(1)’

- Many candidates for U(1)’. 

- U(1)PQ is interesting. 
Connection to the μ-problem.

qh ≠ 0, by definition. 

- U(1)PQ breaking can be quite involved. We focus on 
a simplified scenario.

PQ symmetry breaking scale fPQ > MZ’ 

Integrate out the radial modes. 

Work in progess with Haipeng An and Tao Liu
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Effect of vector multiplet

- SSB by Ψi 

- We will further integrate out the saxion and the 
vector. 

EFI–

March 22, 2012

Gauged Pecci-Quinn Symmetry In Supersymmetry And 125 GeV Higgs Signal

Haipeng An,1 Tao Liu,2 and Lian-Tao Wang3, 4

1
Perimeter Institute, Waterloo, Ontario N2L 2Y5, Canada

2
Department of Physics, University of California, Santa Barbara, CA 93106, USA
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Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA
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Recent Standard Model (SM) Higgs searches in the CMS and the ATLAS experiments both

indicate sizable event excess in the di-photon modes (with mγγ ∼ 124− 126 GeV), with the signal

rate being about twice larger than the predictions by a 125 GeV Higgs boson in the SM. We explicitly

show that in supersymmetric models with an extension of gauged Pecci-Quinn symmetry, the SM-

like Higgs boson mass and its di-photon decay width can get sizable corrections from the U(1)PQ

D-terms and its anomaly spectators, respectively. An enhanced di-photon signal rate as well as a

mass ∼ 124− 126 GeV for the SM-like Higgs boson, which are required for fitting the current CMS

and the ATLAS data correctly, therefore can be simultaneously achieved without violating other

experimental bounds.

PACS numbers:

I. INTRODUCTION

Recently both the CMS and the ATLAS collaborations
announce their observation of sizable event excess in the
Standard Model (SM) Higgs searches via di-photon decay
mode (with mγγ ∼ 124− 126 GeV), with the signal rate
being about twice larger than the predictions by a 125
GeV Higgs boson in the SM. Interpreting the event excess
as Higgs signals naturally raises the question whether it
can be accommodated in supersymmetry (SUSY), one of
the most popular candidate theories to explain the dy-
namical origin of the Electroweak symmetry breaking. In
the Minimal Supersymmetric Standard Model (MSSM),
this turns out to be highly non-trivial. To get a SM-like
Higgs boson with its mass being 124 ∼ 126 GeV via loop
corrections, either a large trilinear soft parameter or large
soft mass parameters for stop quarks are required. More
difficultly, tree-level vacuum stabilization condition typ-
ically leads to a large mixing with the down-type Higgs
component in the SM-like Higgs boson and hence the di-
photon signal rate is suppressed because of the enhanced
bb̄ decay width. To get a enhanced di-photon signal rate
therefore becomes a highly non-trivial problem1.

On the other hand, the MSSM suffers a notorious µ
problem, caused by a scale-violating term ∼ µHuHd in
its superpotential. Here Hd and Hu are Higgs doublets
coupling to the supermultiplets of the SM down- and up-
type fermions, respectively. One well-known solution to
the µ problem is by introducing a discrete Pecci-Quinn
(PQ) symmetry Z3. Then the bare µ term is forbidden

1
Though a mild enhancement is allowed either by using loop cor-

rections to suppress the mixing angle of the SM-like Higgs boson

CITE or by introducing a very light stau lepton CITE, such sce-

narios are highly constrained by current experimental bounds

CITE.

and an effective µ-term can be dynamically produced via
W ∼ λSHuHd, with µeff = λ�S�. Here S is an extra
SM-singlet supermultiplet.

Next we will show that, if the discrete Z3 symmetry is
lifted to a gauged continuous one, the Higgs physics can
be significantly affected. First, the U(1)PQ gauge sym-
metry introduces new D-terms which can raise the SM-
like Higgs boson mass at tree level. More interestingly,
the U(1)PQ symmetry is violated by quantum anomaly
if no new supermultiplets carrying U(1)PQ charges are
involved. Gauging it necessarily requires new charged
spectators which can significantly enhance the γγ decay
width of the SM-like Higgs boson.

II. GAUGED U(1)PQ SYMMETRY

First let us consider the impact of a gauged U(1)PQ

symmetry on the EW theory in a model-independent
way. If the U(1)PQ symmetry is broken by fields Ψi

whose scalar components obtain vacuum expectation val-
ues (VEVs) fi, then in the limit of unbroken SUSY, the
theory has an axion chiral supermultiplet (for recent dis-
cussions, e.g., see [1]),

A =
1√
2
(s + ia) +

√
2θã + θ2F , (1)

with

Ψi = fie
qiA/fPQ , f2

PQ =
�

i

q2
i f2

i . (2)

Here fPQ is the U(1)PQ breaking scale and qi is the U(1)
charge of Ψi. If the U(1)PQ symmetry is global, the
mass of the axion a is directly protected by the Goldstone
theorem while the saxion s and axino ã masses are, in
turn, protected by SUSY. With SUSY weakly broken for
A, ã obtains a small mass ∼ O(1)GeV and nicely serves
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Recent Standard Model (SM) Higgs searches in the CMS and the ATLAS experiments both

indicate sizable event excess in the di-photon modes (with mγγ ∼ 124− 126 GeV), with the signal

rate being about twice larger than the predictions by a 125 GeV Higgs boson in the SM. We explicitly

show that in supersymmetric models with an extension of gauged Pecci-Quinn symmetry, the SM-

like Higgs boson mass and its di-photon decay width can get sizable corrections from the U(1)PQ

D-terms and its anomaly spectators, respectively. An enhanced di-photon signal rate as well as a

mass ∼ 124− 126 GeV for the SM-like Higgs boson, which are required for fitting the current CMS

and the ATLAS data correctly, therefore can be simultaneously achieved without violating other

experimental bounds.

PACS numbers:

I. INTRODUCTION

Recently both the CMS and the ATLAS collaborations
announce their observation of sizable event excess in the
Standard Model (SM) Higgs searches via di-photon decay
mode (with mγγ ∼ 124− 126 GeV), with the signal rate
being about twice larger than the predictions by a 125
GeV Higgs boson in the SM. Interpreting the event excess
as Higgs signals naturally raises the question whether it
can be accommodated in supersymmetry (SUSY), one of
the most popular candidate theories to explain the dy-
namical origin of the Electroweak symmetry breaking. In
the Minimal Supersymmetric Standard Model (MSSM),
this turns out to be highly non-trivial. To get a SM-like
Higgs boson with its mass being 124 ∼ 126 GeV via loop
corrections, either a large trilinear soft parameter or large
soft mass parameters for stop quarks are required. More
difficultly, tree-level vacuum stabilization condition typ-
ically leads to a large mixing with the down-type Higgs
component in the SM-like Higgs boson and hence the di-
photon signal rate is suppressed because of the enhanced
bb̄ decay width. To get a enhanced di-photon signal rate
therefore becomes a highly non-trivial problem1.

On the other hand, the MSSM suffers a notorious µ
problem, caused by a scale-violating term ∼ µHuHd in
its superpotential. Here Hd and Hu are Higgs doublets
coupling to the supermultiplets of the SM down- and up-
type fermions, respectively. One well-known solution to
the µ problem is by introducing a discrete Pecci-Quinn
(PQ) symmetry Z3. Then the bare µ term is forbidden

1
Though a mild enhancement is allowed either by using loop cor-

rections to suppress the mixing angle of the SM-like Higgs boson

CITE or by introducing a very light stau lepton CITE, such sce-

narios are highly constrained by current experimental bounds

CITE.

and an effective µ-term can be dynamically produced via
W ∼ λSHuHd, with µeff = λ�S�. Here S is an extra
SM-singlet supermultiplet.

Next we will show that, if the discrete Z3 symmetry is
lifted to a gauged continuous one, the Higgs physics can
be significantly affected. First, the U(1)PQ gauge sym-
metry introduces new D-terms which can raise the SM-
like Higgs boson mass at tree level. More interestingly,
the U(1)PQ symmetry is violated by quantum anomaly
if no new supermultiplets carrying U(1)PQ charges are
involved. Gauging it necessarily requires new charged
spectators which can significantly enhance the γγ decay
width of the SM-like Higgs boson.

II. GAUGED U(1)PQ SYMMETRY

First let us consider the impact of a gauged U(1)PQ

symmetry on the EW theory in a model-independent
way. If the U(1)PQ symmetry is broken by fields Ψi

whose scalar components obtain vacuum expectation val-
ues (VEVs) fi, then in the limit of unbroken SUSY, the
theory has an axion chiral supermultiplet (for recent dis-
cussions, e.g., see [1]),

A =
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(s + ia) +

√
2θã + θ2F , (1)

with

Ψi = fie
qiA/fPQ , f2

PQ =
�

i
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Here fPQ is the U(1)PQ breaking scale and qi is the U(1)
charge of Ψi. If the U(1)PQ symmetry is global, the
mass of the axion a is directly protected by the Goldstone
theorem while the saxion s and axino ã masses are, in
turn, protected by SUSY. With SUSY weakly broken for
A, ã obtains a small mass ∼ O(1)GeV and nicely serves
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Effective Higgs potential 

- Integrating out saxion and massive U(1). 
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SUSY limit

- Massive vector multiplet in the SUSY limit.

- Higgs quartic couplings

- Effective Kahler potential after integrating out 
massive U(1) in SUSY limit

Therefore, the action can be written as

S =

�
d
4
xd

2θd2θ̄(VNV + 2gV
�

a

qaφ
†
aφa) , (A.33)

where N = −✷PT +M
2
V , where PT = − 1

8✷DD̄
2
D and ✷ = −∂µ∂µ, as in page 73 of Wess

and Bagger. Then, since V is a general massive vector superfield, there is no constraint on

it. Therefore, we can get that, after integrating out V ,

S = −
�

d
4
x1d

4
x2d

2θ1d
2θ2d

2θ̄1d
2θ̄2

g
2

�
�

a

qaφ
†
aφa(x1, θ1, θ̄1)

�
N−1δ(x1 − x2)δ(θ1 − θ2)δ(θ̄1 − θ̄2)

�
�

a

qaφ
†
aφa(x2, θ2, θ̄2)

�
,

(A.34)

and we can get from Wess-Bagger that

N−1 =
1

−✷+M
2
V

PT +
1

M
2
V

(P1 + P2) , (A.35)

where

P1 =
1

16

D
2
D̄

2

✷
, P2 =

1

16

D̄
2
D

2

✷
. (A.36)

Since we are interested in the energy region that the momentum transfer is much smaller

than the mass of the gauge boson, therefore, we can expand the denominator with respect

to ✷/M2
V . Therefore, we can get

N−1 ≈ 1

M
2
V

(PT + P1 + P2) +
✷PT

M
4
V

=
1

M
2
V

− DD̄
2
D

8M4
V

. (A.37)

Therefore, the effective Kahler potential can be written as

Keff = − g
2

M
2
V

�
�

a

qaφ
†
aφa

�2

+
g
2

8M4
V

�
D̄α̇Dα

�
�

a

qaφ
†
aφa

��2

. (A.38)

Since we are interested in the correction to the potential, we can get that

Leff ∼ Keff |θ2θ̄2

= − g
2

M
2
V

�
�

a

qaφ
†
aφa

�2

θ2θ̄2

+
g
2

2M4
V

�
�
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qaF
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�2

= −2g2µ2

M
2
V
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2|Hu ·Hd|2]

−2g2µ2

M
2
V

[(q2u + q
2
d)|Hu|2|Hd|2 + quqd(|Hu|2|Hu|2 + |Hd|2|Hd|2)]

+
2g2µ4

M
4
V

�
qd

�

i

|Hui|2 + qu

�

i

|Hdi|2
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. (A.39)
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Correction to Higgs mass
- Massive vector multiplet in SUSY limit. 

- For 

- Tree level correction to Higgs mass
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O(1) corrections to h→γγ
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− α

2π

h

v
δIFµνFµν δItop � 0.5 δIW � −2.1

3

Here I is a measure of the coupling strength of the hSM−
γ−γ vertex. In the SM, the main contributions are due to

top quarks, W bosons and charged Higgs bosons because

of their relatively large couplings, with CITE

Itop ≈ 0.5, IW ≈ −2.1 (12)

In SUSY, new contributions arise from charged superpar-

ticles, including chargino, squarks and sleptons, but they

are typically small in the MSSM [5]. Here we will simply

ignore them and focus on the new contributions arising

from the U(1)PQ anomaly spectators.

�2 �1 0 1 2 3 4 5

0

1

2

3

4

Iexotic

��H�
ΓΓ
��� SM

�H�Γ
Γ�

FIG. 1: Decay width of h → γγ as a function of Iexotic com-
pared with predicted by SM.

The Higgs boson is a quantum fluctuation of its classi-

cal field configuration after the EW symmetry breaking.

Any particles coupling to the Higgs boson must get a

mass from the Vacuum Expectation Value (VEV) of the

Higgs field. Therefore, the effective interaction of the

Higgs boson and di-photon can be calculated through

the photon self-energy corrections, with them induced

by charged particles which are coupled to the Higgs bo-

son by perturbing their masses. The contributions of the

fermion loop (mediated by fi) and boson loop (mediated

by bi) are then given by

Ifi =
Q2

fi

3

YfivEW√
2Mfi

, Ibi =
Q2

bi

12

�
YbivEW√

2Mbi

�2

. (13)

Here Qfi,bi , Mfi,bi and Yfi,bi are the mediators’ charge,

mass and its coupling with the Higgs boson, respectively.

In the SM, the fermions obtain their mass by interacting

with the unique Higgs field only, so
Yfi

vEW

Mfi
≡ 1 and the

sign of Ifi is fixed to be different from the IW one. This

is not necessarily to be the case for a general fermionic

mediator however. If the fermionic mediator obtains its

mass from more than one source, the sign of Mfi can

be different from the YfivEW one. Its contribution to

the Higgs di-photon decay amplitude therefore can be in

the same direction as the W boson does. The U(1)PQ

anomaly spectators are such an example.

Particles Gauge charges Particles Gauge charges

Li (1; 2; −1/2; 1/2) Qi (3; 2; 1/6; 1/2)
N̄i (1; 1; 0; 1/2) ūi (3̄; 1; −2/3; 1/2)
ēi (1; 1; 1; 1/2) d̄i (3̄; 1; 1/3; 1/2)
Hd (1; 2; −1/2; −1) Hu (1; 2; 1/2; −1)

T1 (3; 1; 1/3; −1) Tc
1 (3̄; 1; −1/3; −1)

T2 (3; 1; 2/3; −1) Tc
2 (3̄; 1; −2/3; −1)

T3 (3; 1; 2/3; −1) Tc
3 (3̄; 1; −2/3; −1)

D1 (1; 2; 1/2; −1) Dc
1 (1; 2; −1/2; −1)

D2 (1; 2; 1/2; −1) Dc
2 (1; 2; −1/2; −1)

X (1; 1; 1; 2) Xc (1; 1; -1; 2)
N (1; 1; 0; 2) Nc (1; 1; 0; 2)

S (1; 1; 0; 2) Sc (1; 1; 0; −2)
S1 (1; 1; 0; −4) Sc

1 (1; 1; 0; 4)

TABLE I: Quantum numbers under the SU(3)C × SU(2)L ×
U(1)Y × U(1)PQ gauge symmetries. (S,Sc) and (S1,Sc

1) are
two pairs of vector-like supermultiplets which carry U(1)PQ

charges only.

In the case of scalars, if their couplings to Higgs are A-

term like, the contributions to the Higgs di-photon decay

can be either positive or negative just like the fermion

case, while their signs are fixed to be positive if the cou-

plings are F -term like. But, compared with the effec-

tive interaction induced by Dirac fermions, their contri-

butions are suppressed by a factor of Y vEW/4M . So one

can only take into account of the fermionic contributions

if their mass scale is much larger than the EW one.

The decay width of h → γγ (rescaled by the SM pre-

diction) as a function of Inew is shown in Fig. 1, which in-

dicates that the Higgs di-photon decay rate can serve as a

good probe to the exotic charged particles. Particularly,

it can be enhanced by twice for an extra contribution

with Inew ∼ −0.7.

V. ELECTROWEAK PRECISION TESTS

The spectators of the U(1)PQ anomaly may take elec-

troweak charges. If so, although they might be heavy

and hard to be produced directly in colliders, they can

have non-trivial contributions to the EWPT observables

which in turn can be applied to constrain this model.

VI. ONE ANOMALY-FREE EXAMPLE

Anomaly-free U(1)PQ gauge symmetry can be achieved

in SUSY in multiple ways. But, new EW doublets and

color triplets which carry U(1)PQ charges are both re-

quired for canceling the SU(2)
2 ×U(1)PQ and SU(3)

2 ×
U(1)PQ anomalies, respectively. Without loss of general-

ity, let us consider the model given in Table I. Its super-
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Why is it not so easy?

- SM h→γγ is given by W and top loops.
W, t: light (∼100 GeV), large coupling to the 
Higgs.

New states must be similar.

- In SUSY, new particles can be either fermion or 
boson. 

- New fermion: 
Yukawa like coupling: hu,d DN. 

Need to check EWPT. 
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Light scalar? 

- Safest way: λH✝H S✝S (Higgs portal). 
λ<0, opposite to the top contribution,          
enhance h→γγ

- However, this does not work for SUSY. 
H✝H S✝S is of the form of F-term coupling to 
sfermions. 

However, cancellation of quadratic divergence fixes 
λ>0. For example, for stop, λ=|yt|2.
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More specifically

- Large off-diagonal mixing, Xf, necessary for 
enhancement. 

- Split scalar spectrum.

Mf̃ (h) =

�
m2

f̃L
+ y2

2 h2 + ... yhXf

yhXf m2
f̃R

+ y2

2 h2 + ...

�

δI ∝ ∂

∂h
log(det Mf̃ (h))− α

2π

h

v
δIFµνFµν
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boosting the di-photon mode in 

- light stau!
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Figure 4: Contour plots of the ratio of the σ(gg → h)× BR(h → γγ) to its SM value, in the
me3–mL3 plane, for µ = 1030 GeV, as well as in the µ –mL3 plane, for me3 = mL3 ,
and tanβ = 10 (above) and tanβ = 60 (below). The red dashed lines are the contours
at equal lightest stau masses. The yellow shaded area is the area satisfying the LEP
bound on the lightest stau mass. Enhanced branching ratios are obtained for values of
µ for which the stau mixing becomes relevant and the lightest stau mass is close to its
experimental limit, of about 100 GeV.
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Signal

- Signature.

- Existing searches focus either on long cascades, 
or chargino-neutralino production. 

Signature 8 TeV LHC (fb) 14 TeV LHC (fb)

pp→ τ̃1τ̃1 2τ, E/T 55.3 124.6

pp→ τ̃1τ̃2 2τ, Z, E/T 1.0 3.2

pp→ τ̃2τ̃2 2τ, 2Z, E/T 0.15 0.6

pp→ τ̃1ν̃τ 2τ, W,E/T 14.3 38.8

pp→ τ̃2ν̃τ 2τ, W, Z,E/T 0.9 3.1

pp→ ν̃τ ν̃τ 2τ, 2W,E/T 1.6 5.3

Table 1: Possible stau and sneutrino direct production channels with their signatures at the LHC.

The cross sections shown are computed for mL3 = me3 = 280 GeV, tanβ = 60, µ = 650

GeV and M1 = 35 GeV.

Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07

Physical background, W + Z/γ∗ 15 0.25 � 10
−3

W+ jets background 4× 10
3

26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)
T > 10 GeV, ∆R > 0.4 and and |η| < 2.5

(second column); with the additional requirement p�
T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτ
T < 75 GeV (fourth column).

direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends to have

a smaller branching ratio due to the relative smallness of the hypercharge gauge coupling. In

the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 2τ + W + E/T signature is given by

W + Z/γ∗, with a cross section of 900 fb at the 8 TeV LHC. We also need to include the W+

jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring taus

(jets) with a pT threshold, pτ(j)
T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose

τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about

60%, independent of pT , while achieving a jet background rejection factor of 20 - 50 [85]. The

cross sections for signal and backgrounds associated with these cuts are given in the second

column of Table 2
5
.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming

from the W decay in the signal is expected to be more boosted than the one from background.

For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,

we show our results after imposing p�
T > 70 GeV and E/T > 70 GeV. As we can see from the

table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.

16

Possible!

Maybe
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Associated production: 

- Background
W+Z/γ* 
W+ jets (jets faking τ). 
τ eff: ∼60%, jet rejection ∼	 50

- Basic cuts

Signature 8 TeV LHC (fb) 14 TeV LHC (fb)
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pp→ τ̃2τ̃2 2τ, 2Z, E/T 0.15 0.6

pp→ τ̃1ν̃τ 2τ, W,E/T 14.3 38.8

pp→ τ̃2ν̃τ 2τ, W, Z,E/T 0.9 3.1

pp→ ν̃τ ν̃τ 2τ, 2W,E/T 1.6 5.3
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The cross sections shown are computed for mL3 = me3 = 280 GeV, tanβ = 60, µ = 650

GeV and M1 = 35 GeV.

Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07

Physical background, W + Z/γ∗ 15 0.25 � 10
−3

W+ jets background 4× 10
3

26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)
T > 10 GeV, ∆R > 0.4 and and |η| < 2.5

(second column); with the additional requirement p�
T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτ
T < 75 GeV (fourth column).

direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends to have

a smaller branching ratio due to the relative smallness of the hypercharge gauge coupling. In

the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 2τ + W + E/T signature is given by

W + Z/γ∗, with a cross section of 900 fb at the 8 TeV LHC. We also need to include the W+

jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring taus

(jets) with a pT threshold, pτ(j)
T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose

τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about

60%, independent of pT , while achieving a jet background rejection factor of 20 - 50 [85]. The

cross sections for signal and backgrounds associated with these cuts are given in the second

column of Table 2
5
.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming

from the W decay in the signal is expected to be more boosted than the one from background.

For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,

we show our results after imposing p�
T > 70 GeV and E/T > 70 GeV. As we can see from the

table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.
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Table 1: Possible stau and sneutrino direct production channels with their signatures at the LHC.

The cross sections shown are computed for mL3 = me3 = 280 GeV, tanβ = 60, µ = 650

GeV and M1 = 35 GeV.

Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07

Physical background, W + Z/γ∗ 15 0.25 � 10
−3

W+ jets background 4× 10
3

26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)
T > 10 GeV, ∆R > 0.4 and and |η| < 2.5

(second column); with the additional requirement p�
T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτ
T < 75 GeV (fourth column).

direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends to have

a smaller branching ratio due to the relative smallness of the hypercharge gauge coupling. In

the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 2τ + W + E/T signature is given by

W + Z/γ∗, with a cross section of 900 fb at the 8 TeV LHC. We also need to include the W+

jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring taus

(jets) with a pT threshold, pτ(j)
T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose

τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about

60%, independent of pT , while achieving a jet background rejection factor of 20 - 50 [85]. The

cross sections for signal and backgrounds associated with these cuts are given in the second

column of Table 2
5
.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming

from the W decay in the signal is expected to be more boosted than the one from background.

For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,

we show our results after imposing p�
T > 70 GeV and E/T > 70 GeV. As we can see from the

table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.
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For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,

we show our results after imposing p�
T > 70 GeV and E/T > 70 GeV. As we can see from the

table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we
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Additional cuts for W+jets

Total (fb) Basic (fb) Hard Tau (fb)

Signal 1.6 0.4 0.14
Physical background, W + Z/γ∗ 24 0.55 � 10−3

W+ jets background ×103

Table 3: Cross sections for the signal and the physical and fake background after τ -tags at the 14

TeV LHC: after imposing pτ(j)
T > 10 GeV, ∆R > 0.4 and and |η| < 2.5 (second column);

with the additional requirement p�
T > 70 GeV and E/T > 70 (third column); imposing that

the τ is not too boosted pτ
T < 75 GeV (fourth column).

note that the two taus coming from the physical background are typically expected to have an
invariant mass close to the Z peak. Therefore, a veto of the τ1τ2 invariant mass close to mZ

will further suppress the physical background. However, given our stringent cuts of p�
T and

E/T , we notice that the additional improvement from Z-veto is marginal. Since our signal is
statistics limited, we choose not to further impose this cut in our study. On the other hand, in
a fully realistic study, one could certainly include Z-veto as a possible variable to be optimized
together with other cuts.
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Figure 8: pT ditribution for the leading jet faking a tau of the W+ jets background (in blue) and for the

leading tau of the signal (black dashed) at the 8 TeV LHC. The events shown are satisfying the

basic set of cuts (p�
T > 70 GeV and E/T > 70 GeV). The signal expectation has been scaled by a

factor of hundred for visibility.

The W+jets background is still significant at this stage. As shown by the blue distribution
in Fig. 8, the leading fake tau will recoil against the lepton and hence will also be rather
hard. On the other hand, in the signal process, the τ̃1 only receives a small boost even if it
is one of the decay products of the ν̃. Therefore, the pT of the leading tau is always largely
determined by mτ̃1 − mLSP and remains sufficiently soft (see black dashed distribution in
Fig. 8). Consequently, a veto on hard τs can reduce the fake background, while keeping the
signal almost unchanged. In the fourth column of Table 2, labeled “Hard Tau”, we show
our results for signal and backgrounds, after requiring the leading τ to have pτ1

T < 75 GeV.
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Signal 0.6 0.16 0.07
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−3
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3

26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)
T > 10 GeV, ∆R > 0.4 and and |η| < 2.5

(second column); with the additional requirement p�
T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτ
T < 75 GeV (fourth column).

direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends to have

a smaller branching ratio due to the relative smallness of the hypercharge gauge coupling. In

the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 2τ + W + E/T signature is given by

W + Z/γ∗, with a cross section of 900 fb at the 8 TeV LHC. We also need to include the W+

jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring taus

(jets) with a pT threshold, pτ(j)
T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose

τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about

60%, independent of pT , while achieving a jet background rejection factor of 20 - 50 [85]. The

cross sections for signal and backgrounds associated with these cuts are given in the second

column of Table 2
5
.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming

from the W decay in the signal is expected to be more boosted than the one from background.

For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,

we show our results after imposing p�
T > 70 GeV and E/T > 70 GeV. As we can see from the

table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.
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LHC Reach

Signature 8 TeV LHC (fb) 14 TeV LHC (fb)

pp→ τ̃1τ̃1 2τ, E/T 55.3 124.6

pp→ τ̃1τ̃2 2τ, Z, E/T 1.0 3.2

pp→ τ̃2τ̃2 2τ, 2Z, E/T 0.15 0.6

pp→ τ̃1ν̃τ 2τ, W,E/T 14.3 38.8

pp→ τ̃2ν̃τ 2τ, W, Z,E/T 0.9 3.1

pp→ ν̃τ ν̃τ 2τ, 2W,E/T 1.6 5.3

Table 1: Possible stau and sneutrino direct production channels with their signatures at the LHC.

The cross sections shown are computed for mL3 = me3 = 280 GeV, tanβ = 60, µ = 650

GeV and M1 = 35 GeV.

Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07

Physical background, W + Z/γ∗ 15 0.25 � 10
−3

W+ jets background 4× 10
3

26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)
T > 10 GeV, ∆R > 0.4 and and |η| < 2.5

(second column); with the additional requirement p�
T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτ
T < 75 GeV (fourth column).

direct decay of the sneutrino into a neutrino and a neutralino, which, however, tends to have

a smaller branching ratio due to the relative smallness of the hypercharge gauge coupling. In

the following, we shall concentrate on this channel at the 8 TeV LHC.

The main physical background contributing to the 2τ + W + E/T signature is given by

W + Z/γ∗, with a cross section of 900 fb at the 8 TeV LHC. We also need to include the W+

jets background with jets faking taus in our study.

We generate events for the signal, physical background and fake background requiring taus

(jets) with a pT threshold, pτ(j)
T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose

τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about

60%, independent of pT , while achieving a jet background rejection factor of 20 - 50 [85]. The

cross sections for signal and backgrounds associated with these cuts are given in the second

column of Table 2
5
.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming

from the W decay in the signal is expected to be more boosted than the one from background.

For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly

improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,

we show our results after imposing p�
T > 70 GeV and E/T > 70 GeV. As we can see from the

table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.
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Total (fb) Basic (fb) Hard Tau (fb)

Signal 0.6 0.16 0.07
Physical background, W + Z/γ∗ 15 0.25 � 10−3

W+ jets background 4× 103 26 0.3

Table 2: Cross sections for the signal and the physical and fake backgrounds after τ -tags at the 8

TeV LHC: after imposing acceptance cuts pτ(j)T > 10 GeV, ∆R > 0.4 and and |η| < 2.5
(second column); with the additional requirement p�T > 70 GeV and E/T > 70 (third

column); imposing that the τ is not too boosted pτT < 75 GeV (fourth column).

Total (fb) Basic (fb) Hard Tau (fb)

Signal 1.6 0.26 0.11
Physical background, W + Z/γ∗ 27 0.32 � 10−3

W+ jets background 104 39 0.25

Table 3: Cross sections for the signal and the physical and fake background after τ -tags at the 14

TeV LHC: after imposing pτ(j)T > 10 GeV, ∆R > 0.4 and and |η| < 2.5 (second column);

with the additional requirement p�T > 85 GeV and E/T > 85 (third column); imposing that

the τ is not too boosted pτT < 80 GeV (fourth column).

We generate events for the signal, physical background and fake background requiring taus
(jets) with a pT threshold, pτ(j)T > 10 GeV, ∆R > 0.4 and |η| < 2.5. We demand two loose
τ -tags: the efficiency of the boosted decision tree (BDT) hadronic tau identification is about
60%, independent of pT , while achieving a jet background rejection factor of 20 - 50% [86]. The
cross sections for signal and backgrounds associated with these cuts are given in the second
column of Table 25.

Due to the sizable mass splitting between the sneutrino and the stau, the lepton coming
from the W decay in the signal is expected to be more boosted than the one from background.
For this reason, strong cuts on the pT of the lepton and on the missing energy can significantly
improve the signal over background ratio. In the third column of Table 2, labeled “Basic”,
we show our results after imposing p�T > 70 GeV and E/T > 70 GeV. As we can see from the
table, this set of basic cuts can efficiently suppress the W +Z/γ∗ background. In addition, we
note that the two taus coming from the physical background are typically expected to have an
invariant mass close to the Z peak. Therefore, a veto of the τ1τ2 invariant mass close to mZ

will further suppress the physical background. However, given our stringent cuts of p�T and
E/T , we notice that the additional improvement from Z-veto is marginal. Since our signal is
statistics limited, we choose not to further impose this cut in our study. On the other hand, in
a fully realistic study, one could certainly include Z-veto as a possible variable to be optimized
together with other cuts.

The W+jets background is still significant at this stage. As shown by the blue distribution

5
For the W+ jets background we generated events with up to 4 jets in the final state. In the table we are

presenting the sum of Wjj, Wjjj and Wjjjj backgrounds.
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Using exotics in U(1)PQ scenario

- U(1)PQ is anomalous. We need to add exotics to 
cancel anomaly. 

- It is possible that exotics can couple to the Higgs, 
and carry electric charge.

- We explore the possibility of having light exotics 
with sizable coupling to the Higgs.

Enhanced h→γγ
Consistent with constraints (precision, collider)
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Exotics, an example
4

Particles Gauge charges Particles Gauge charges

Li (1; 2; −1/2; 1/2) Qi (3; 2; 1/6; 1/2)

N̄i (1; 1; 0; 1/2) ūi (3̄; 1; −2/3; 1/2)

ēi (1; 1; 1; 1/2) d̄i (3̄; 1; 1/3; 1/2)

Hd (1; 2; −1/2; −1) Hu (1; 2; 1/2; −1)

T1 (3; 1; 1/3; −1) T
c
1 (3̄; 1; −1/3; −1)

T2 (3; 1; 2/3; −1) T
c
2 (3̄; 1; −2/3; −1)

T3 (3; 1; 2/3; −1) T
c
3 (3̄; 1; −2/3; −1)

D1 (1; 2; 1/2; −1) D
c
1 (1; 2; −1/2; −1)

D2 (1; 2; 1/2; −1) D
c
2 (1; 2; −1/2; −1)

X (1; 1; 1; 2) X
c

(1; 1; -1; 2)

N (1; 1; 0; 2) N
c

(1; 1; 0; 2)

S (1; 1; 0; 2) S
c

(1; 1; 0; −2)

S1 (1; 1; 0; −4) S
c
1 (1; 1; 0; 4)

TABLE I: Quantum numbers under SU(3)C × SU(2)L ×
U(1)Y × U(1)PQ for the MSSM supermultiplets and U(1)PQ

anomaly spectators.
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Can couple to Higgs

W = γ1,2(HuD1,2X
c + HdD1,2N

c) + (D → D
c
, X

c → X, N
c → N)

+ MDD1,2D
c
1,2 + MXXX

c + MNNN
c + ...
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Exampls: light scalar

- gPQ = 0.6, fPQ = 4 TeV, λ=0.2, tanβ = 5

- Aλ/fPQ =0.4, Δms/Ms =0.4

- γ1,2 = 0.1, γA1  = -950 GeV, MD= 600 GeV,          
Mx,N = 400 GeV

- mstop = 400 GeV.

- mh = 125 GeV, h→γγ ≈ 1.5 × SM

- lightest charged scalar: 130 GeV.
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Examples: light fermion

- gPQ = 0.6, fPQ = 2.5 TeV, λ=0.25, tanβ = 1.3

- Aλ/fPQ =0.4, Δms/Ms =0.4

- γ1,2 = 1.6, γA1  = 300 GeV,                             
MD= 500 GeV, Mx,N = 300 GeV

- mstop = 200 GeV.

- mh = 125 GeV, h→γγ ≈ 2 × SM

- lightest charged fermion: 108 GeV.
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Light fermion scenario in more detail

4

gPQ fPQ (GeV) fS/fPQ Aλ/fPQ λ

0.6 3750 0.4 0.4 0.2

tan β Aγ (GeV) Aγc (GeV) γ, γc MD (GeV)

5 −950 100 0.2 600

MX (GeV) mD̃,X̃,Ñ (GeV) δ Xt (GeV) Mt̃ (GeV)

400 100 0.5 800 400

a1 a2 a3 Bµ (104 GeV2) µeff (GeV)

0.017 0.106 −0.014 45 300

mh (GeV) mψ1c (GeV) mψ10 (GeV) mφ1c (GeV) mφ10 (GeV)

124 396 396 120 382

R(h→ γγ) ∆S ∆T

1.9 0.03 0.11

TABLE III: Benchmark scenario II, where the di-photon sig-
nal rate is mainly enhanced by light scalar spectators.
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FIG. 2: mh, R(h→ γγ), ∆S and ∆T contours in benchmark
scenario I. Yellow star corresponds to benchmark scenario I.

spectively. Without loss of generality, let us consider a

model given in Table I. Its superpotential is

W = WH + αij
STiT

c

j
+ βpq

SDpD
c

q

+γp
(HuDpX

c
+ HdDpN

c
)

+γq
c (HdD

c

q
X + HuD

c

q
N)

+δXS1XX
c

+ δNS1NN
c

+WY(Hu ↔ Dk,Hd ↔ D
c

k
) + WS (11)

with i, j = 1, 2, 3 and p, q = 1, 2. WY is the MSSM

Yukawa superpotential in formality, but with the replace-

ments Hu ↔ Dk and Hd ↔ D
c

k
. WS includes all of the

left terms with (S,Sc,S1,Sc

1
,S2) involved. Here some

simplification has been made for the couplings. After

the U(1)PQ symmetry is broken, (Ti,TC

j
) and (Dp,Dc

q
)

obtain vector-like masses by coupling with the supermul-

tiplet S, and similarly (X,Xc
) does by coupling with

the supermultiplet S1. An important feature is that
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FIG. 3: mh, R(h→ γγ), ∆S and ∆T contours in benchmark
scenario II. Yellow star corresponds to benchmark scenario II.

(Dp,Dc

q
) decay into the SM particles via the interac-

tions in WY. This can help avoid the overproduction of

the electrically neutral exotic particles in the Universe.

As an illustration, two benchmark points are presented

in Table I and Table II, representing the two scenarios

discussed above, respectively. λ is assumed to be small.

The corrections to the Higgs sector via the U(1)PQ D-

terms therefore are dominant over the F-term effects

of WH. In scenario I, the lightest charged (ψc
1) and

neutral (ψ0
1) fermionic spectators are light, while the

h − ψc
1 − ψc

1 coupling is large due to large γ and γc
val-

ues. tanβ ∼ 1 is taken to avoid a sizable ∆T correction.

Although (Dp,Dc

q
), (X,Xc

) and (N,Nc
) are vector-like

under the EW gauge symmetry and their fermionic com-

ponents have a degenerated mass spectrum, ∆S receives

non-trivial contributions from them. This is because

(Dp,Dc

q
) are mixed with (X,Xc

) and (N,Nc
) while the

latter violate weak isospin (recall that the S parameter

preserves custodial but violate weak isospin.). The de-

pendence of mh, R(h → γγ), ∆S and ∆T on γ(γc
= γ)

and tanβ are shown in Fig. 2. As is expected, with a

fixed tanβ, R(h→ γγ) tends to be enhanced for a larger

|γ|; and with a fixed γ, ∆T tends to be smaller while

tanβ is close to 1. In scenario II, R(h → γγ) is mainly

enhanced by the lightest charged scalar φc
1. φc

1 is light

because its soft mass parameter is small. Different from

scenario I, the di-photon decay width is more sensitive

to Aγ due to the involved h − φc
1 − φc

1 coupling. Be-

cause of the accidental cancelation discussed above, ∆T
is typically small, while tanβ ∼ 1 can bring a further

suppression. At last, the dependence of mh, R(h→ γγ),

∆S and ∆T on Aγ and tanβ is shown in Fig. 3.
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Couplings of the light states. 

- Discovery in direct SUSY searches might be 
difficult. 

- Modification of Higgs decay maybe their first 
signal. 

DQu
c

D
c
Qd

c

HuHuX
c

HdHuN
c

Higgs, Higgsino-like

Singlet, singlino-like
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Connection to EWPT

Work in progress with B.  Batell and S. Gori
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Measurement Fit |Omeas Ofit|/ meas

0 1 2 3

0 1 2 3

had(mZ)(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

Z [GeV]Z [GeV] 2.4952 ± 0.0023 2.4959

had [nb]0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01646
Al(P )Al(P ) 0.1465 ± 0.0032 0.1482
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1039
AfbA0,c 0.0707 ± 0.0035 0.0743
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1482
sin2

effsin2 lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.378

W [GeV]W [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.27

July 2011

Precision Electroweak Data

Tuesday, May 29, 2012



Consider two possibilities

- New physics gives rise to AFB 

- AFB is “wrong” (fluctuation, ...)
new physics fix the EWPT fit. 

- Possible connection to higgs pheno, h→γγ?

Tuesday, May 29, 2012



“fix” AFB with new physics
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Beautiful Mirrors Choudhury, Tait, Wagner ’01

Basic idea:   Mix new vector-like quark with bottom quark 

L ⊃ −
�
b̄�L B̄�

L

�� M11 M12

M21 M22

��
b�R
B�

R

�
+ h.c.

Diagonalize mass matrix via rotations of            , with angles bi(L,R) θL,R

Z boson interactions: L ⊃ g

cw
Zµ

�

ij

b̄iγ
µ(LijPL +RijPR)bj

δgLb =

�
t3L +

1

2

�
s2L, δgRb = t3Rs

2
R,

Shifts in       couplings:Zb̄b

Singles out 3 vector-like representations:

ΨL,R ∼ (3, 2, 1/6), (3, 2,−5/6), (3, 3, 2/3)
Slides from Brian Batell
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Example: Ψ ∼ (3, 2,−5/6) ∼
�

B
X

�

δgRb =
1

2
s2R = 0.02tB3R =

1

2
sin θR ≈ 0.2

Consider EFT with general Higgs couplings:

−a
|H|2

Λ
Ψ̄LΨR − b

|H|2

Λ2
Q̄HbR − c

|H|2

Λ2
Ψ̄LH

†
bR + . . .

L ⊃ −y1Q̄HbR − y2Ψ̄LH
†
bR −MΨ̄LΨR

Diagonalize mass matrix via rotations...

→ −
�
b̄L B̄L

�
��

Y1 +
bv3

2
√
2Λ2 0

Y2 +
cv3

2
√
2Λ2 M + av2

2Λ

�
+ h

�
Y1
v + 3bv2

2
√
2Λ2 0

Y2
v + 3cv2

2
√
2Λ2

av
Λ

���
bR
BR

�

+ h.c.

+ h.c.

+ h.c.
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Higgs physics

To enhance      rate:

h → bb̄

see also Wagner, Morrissey ’03 for (3, 2, 1/6)

Lhqq ⊃ −ξhbb
mb

v
hb̄b− ξhBB

mB

v
hB̄B

γγ

• Suppress             partial width:                ξhbb < 1

• Heavy quarks interfere constructively
     with SM             amplitude:h → γγ

ξhbb ≈ c2R +
bv3√
2mbΛ2

− c sRv3√
2mBΛ2

ξhBB ≈ s2R +
av2

mBΛ
+

c sRv3√
2mBΛ2

−ξhXX
mX

v
hX̄X

ξhXX =
av2

mXΛ

ξhBB , ξhXX < 0

Tuesday, May 29, 2012



Renormalizable model
(a = b = c = 0)

γγ

V V
gg
bb

• Enhancement in      
• Suppression in gluon fusion
• “Acceptable” suppression in     

γγ

bb̄

1000500200 300 700

1.00

0.50

2.00

0.30

3.00

1.50

0.70

!

Br
!h"#SM

a = −1, b = −0.01, c = 0, mB = 600GeV
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Ignore AFB
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!0.4 !0.2 0.0 0.2 0.4
!0.4

!0.2

0.0

0.2

0.4

S

T

Electroweak data (w/o        ) indicate 
a positive T, negative S

Ab
FB

 fit S − T

without Ab
FB

with Ab
FB

without Ab
FB

SM

68, 95% C.L.

Ab
FB − (Ab

FB)SM � −0.020S + 0.014T
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Simplest example: 
a second scalar doublet 

S ∼ (1, 2, 1/2) =

�
S+

1√
2
(SR

0 + iSI
0 )

�

V ⊃ m
2|S|2 + λ1|S|2|H|2 + λ2(H

†
S)(S†

H) + [λ3(H
†
S)(H†

S) + h.c.] + . . .

hS+S−

Custodial
 breaking  

coupling
contribution to h → γγ

T � v4

192πs2wM
2
Wm2

[(λ2)
2 − 4(λ3)

2]S � λ2v2

24πm2
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200 250 300 350 400
!3.0

!2.5

!2.0

!1.5

!1.0

!0.5

0.0

mS !GeV"

Λ 1

Br(h → γγ)/SM

2.0
1.5 1.3

1.1

1.0

Require light charged scalars for big enhancement

m+ < 105GeV
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1.5

1.7
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100
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m!

m
0

Br(h → γγ)/SM

S − T
preferred
regions

Requires mass splittings ~ 60-70 GeV

λ1 = −2, λ3 = 0e.g.
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Conclusion

- 2012 is going to be a year of Higgs. 
Confirm a light Higgs signal, or

Rule out SM-like weakly coupled Higgs.

- 125 GeV Higgs has significant implications on 
SUSY parameter space

Heavy scalar.

Extension of MSSM. 

- Watch for deviations of Higgs properties. 
Special, complicated, models. 
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Choudhury, Tait, Wagner ’01Modify           couplingZbRb̄R

L =
g

cw
b̄γµ (gLbPL + gRbPR) b

AFB =
3

4

g2Le − g2Re

g2Le + g2Re

g2Lb − g2Rb

g2Lb + g2Rb

Haber, Logan ’99

gRb =
1

3
s2w ≈ 0.0771

gLb = −1

2
+

1

3
s2w ≈ −0.43

Goal: shift        without affecting          Ab
FB Rb

Rb ≡
Γ(Z → bb̄)

Γ(Z → hadrons)
� g2Lb + g2Rb�

q[g
2
Lq + g2Rq]

Z-pole data allows 4 solutions in                  , off-peak
data for         eliminate 2 possible solutions      Ab

FB

Data prefers a bigger shift in        , smaller shift in 

(δgLb, δgRb)

δgLbδgRb
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0 0.005 0.01 0.015 0.02 0.025 0.03

-0.001
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0.001

0.002

0.003

0.004

0.005

0.006

0.007

R
gδ

Lgδ

Small positive       solutionδgbRLarge negative       solutionδgbR

Fit: 2 solutions  Kumar, Shepherd, Tait, Vega-Morales ‘10

δgRb ∼ −0.17δgLb ∼ 0.003 δgLb ∼ 0.003 δgRb ∼ 0.02
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Direct constraints on mirror quarks 

B → bZ

B → tW

B → bh

 ATLAS, 1204.1265

CMS, 1204:1088 (3l or 2SSl+b-jet)

400 GeV

611 GeV

_ _

X → bW CMS, PAS-EXO-11-099 (lepton + jets) 560 GeV

see also Kumar, Shepherd, Tait, Vega-Morales ‘10

Precise bounds depend on branching ratios (in progress) 
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Figure 5: Light blue fill denotes regions experimentally consistent within 1-σ for the W

mass (80.385 ± 0.015 GeV), with darker blue contours specifying the values of mW .

Light green fill denotes allowed region for the lightest stau mass (mτ̃ > 90 GeV), with

red lines denoting contours of the stau mass. In the right panel, we present results for

µ = 650 GeV and tanβ = 60, while in the left panel tanβ = 60 and mL3 = mE3 .
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Light fermion benchmark

3

be the case for a general fermion mediator however. If

the fermion mediator obtains its mass from more than

one source, Mfi and YfivEW may not be the same. Ifi

and IW therefore can have the same signs. The fermion

anomaly spectators of the U(1)PQ gauge symmetry are

such an example [15]. In the case of scalar mediators, if

their couplings with the Higgs boson are A-term like, Isi

can be either positive or negative, while its sign is fixed

to be positive if the mediators’ couplings are F -term like.

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.01

0.02

0.03

0.04

0.05

0.06

a

Ξ

a�2

a�1.5

a�1

FIG. 1: ξ vs. b for varied a values.

To get a sizable enhancement for the di-photon sig-

nal rate, either the fermion or the scalar mediators need

to be light, as indicated by Eq.(10). Since these parti-

cles carry EW charges or are able to couple with the SM

fermions, they may have non-trivial contributions to the

observables of the EW precision tests (EWPT) which in

turn can constrain the models [16]. These potential con-

tributions include oblique and non-oblique corrections.

We will focus on the former, since the non-oblique ones

are sensitive to the couplings of the mediators with the

SM fermions and they can be simply taken to be small.

The oblique corrections are usually interpreted by the

Peskin-Takeuchi parameters, called S, T and U , which

represent new physics effects in the vacuum polarization

of four-fermion scattering processes [11]. The U param-

eter receives contributions from dimension-eight opera-

tors, compared to from dimensional-six ones for the other

two parameters. It is not very sensitive to new physics

therefore, and can be neglected in the first-order analysis.

In the case of light fermion spectators, both the di-

photon decay width and the EWPT corrections, ∆S and

∆T , are mainly mediated by these fermions. T parameter

breaks both weak and custodial isospins, to avoid a large

∆T , therefore we need a degenerated mass spectrum for

the spectators of weak doublets as well as tanβ ∼ 1.

In the case of light scalar spectators, the story becomes

different. To see this point, let us take stau-like par-

ticles as an example, with their mass matrix scaled to

M =

�
1 ab
ab a2

�
. Here a is the soft mass parameter of the

right-chiral stau and b is the mixing parameter. In the

limit of b = 1 where the mixing between the left- and

right-chiral stau leptons and hence the weak isospin vio-

lation of the left-chiral stau doublet are maximized, ∆T

Particles Gauge charges Particles Gauge charges

Li (1; 2; −1/2; 1/2) Qi (3; 2; 1/6; 1/2)

N̄i (1; 1; 0; 1/2) ūi (3̄; 1; −2/3; 1/2)

ēi (1; 1; 1; 1/2) d̄i (3̄; 1; 1/3; 1/2)

Hd (1; 2; −1/2; −1) Hu (1; 2; 1/2; −1)

T1 (3; 1; 1/3; −1) T
c
1 (3̄; 1; −1/3; −1)

T2 (3; 1; 2/3; −1) T
c
2 (3̄; 1; −2/3; −1)

T3 (3; 1; 2/3; −1) T
c
3 (3̄; 1; −2/3; −1)

D1 (1; 2; 1/2; −1) D
c
1 (1; 2; −1/2; −1)

D2 (1; 2; 1/2; −1) D
c
2 (1; 2; −1/2; −1)

X (1; 1; 1; 2) X
c (1; 1; -1; 2)

N (1; 1; 0; 2) N
c (1; 1; 0; 2)

S (1; 1; 0; 2) S
c (1; 1; 0; −2)

S1 (1; 1; 0; −4) S
c
1 (1; 1; 0; 4)

S2 (1; 1; 0; −2)

TABLE I: Particle spectrum in a supersymmetric model with
anomaly-free U(1)PQ gauge symmetry.

gPQ fPQ (GeV) fS/fPQ Aλ/fPQ λ

0.6 3750 0.4 0.4 0.2

tan β Aγ (GeV) Aγc (GeV) γ, γc MD (GeV)

1.3 300 300 1.8 480

MX (GeV) mD̃,X̃,Ñ (GeV) δ Xt (GeV) Mt̃ (GeV)

360 900 0.5 600 300

a1 a2 a3 Bµ (104 GeV2) µeff (GeV)

0.02 0.11 −0.01 45 300

mh (GeV) mψ1c (GeV) mψ10 (GeV) mφ1c (GeV) mφ10 (GeV)

125 106 106 882 882

R(h→ γγ) ∆S ∆T

1.5 0.15 0.14

TABLE II: Benchmark scenario I, where the di-photon signal
rate is mainly enhanced by light fermion spectators. MD,X

are vector-like masses of the (Dp,Dc
p) and (X,Xc) fermion

components, mD̃,X̃,Ñ are the soft mass parameters of their
scalar components (including (N,Nc)), Xt and Mt̃ are the
mixing and soft mass parameters of stop quarks, and R(h→
γγ) is the di-photon signal rate scaled by the SM prediction.

is proportional to a factor

ξ = log(1 + a2
)− 2

1 + a2

� 1

0
dy(a2y + 1) log(a2y + 1).

An interesting observation is that the numerical values of

the two terms in the r.h.s are accidentally close to each

other, which leads to a ∆T a few times smaller than its

natural value. This effect can be generalized to varied

b values (see Fig. 1). tanβ ∼ 1 becomes unnecessary

therefore to avoid a sizable ∆T .

[One Anomaly-free Example] An anomaly-free

U(1)PQ gauge symmetry can be achieved in multiple

ways. But, new EW doublets and color triplets carry-

ing U(1)PQ charges are always required for canceling the

SU(2)
2 × U(1)PQ and SU(3)

2 × U(1)PQ anomalies, re-
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Light scalar benchmark
4

gPQ fPQ (GeV) fS/fPQ Aλ/fPQ λ

0.6 3750 0.4 0.4 0.2

tan β Aγ (GeV) Aγc (GeV) γ, γc MD (GeV)

5 −950 100 0.2 600

MX (GeV) mD̃,X̃,Ñ (GeV) δ Xt (GeV) Mt̃ (GeV)

400 100 0.5 800 400

a1 a2 a3 Bµ (104 GeV2) µeff (GeV)

0.017 0.106 −0.014 45 300

mh (GeV) mψ1c (GeV) mψ10 (GeV) mφ1c (GeV) mφ10 (GeV)

124 396 396 120 382

R(h→ γγ) ∆S ∆T

1.9 0.03 0.11

TABLE III: Benchmark scenario II, where the di-photon sig-
nal rate is mainly enhanced by light scalar spectators.
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FIG. 2: mh, R(h→ γγ), ∆S and ∆T contours in benchmark
scenario I. Yellow star corresponds to benchmark scenario I.

spectively. Without loss of generality, let us consider a

model given in Table I. Its superpotential is

W = WH + αij
STiT

c

j
+ βpq

SDpD
c

q

+γp
(HuDpX

c
+ HdDpN

c
)

+γq
c (HdD

c

q
X + HuD

c

q
N)

+δXS1XX
c

+ δNS1NN
c

+WY(Hu ↔ Dk,Hd ↔ D
c

k
) + WS (11)

with i, j = 1, 2, 3 and p, q = 1, 2. WY is the MSSM

Yukawa superpotential in formality, but with the replace-

ments Hu ↔ Dk and Hd ↔ D
c

k
. WS includes all of the

left terms with (S,Sc,S1,Sc

1
,S2) involved. Here some

simplification has been made for the couplings. After

the U(1)PQ symmetry is broken, (Ti,TC

j
) and (Dp,Dc

q
)

obtain vector-like masses by coupling with the supermul-

tiplet S, and similarly (X,Xc
) does by coupling with

the supermultiplet S1. An important feature is that
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FIG. 3: mh, R(h→ γγ), ∆S and ∆T contours in benchmark
scenario II. Yellow star corresponds to benchmark scenario II.

(Dp,Dc

q
) decay into the SM particles via the interac-

tions in WY. This can help avoid the overproduction of

the electrically neutral exotic particles in the Universe.

As an illustration, two benchmark points are presented

in Table I and Table II, representing the two scenarios

discussed above, respectively. λ is assumed to be small.

The corrections to the Higgs sector via the U(1)PQ D-

terms therefore are dominant over the F-term effects

of WH. In scenario I, the lightest charged (ψc
1) and

neutral (ψ0
1) fermionic spectators are light, while the

h − ψc
1 − ψc

1 coupling is large due to large γ and γc
val-

ues. tanβ ∼ 1 is taken to avoid a sizable ∆T correction.

Although (Dp,Dc

q
), (X,Xc

) and (N,Nc
) are vector-like

under the EW gauge symmetry and their fermionic com-

ponents have a degenerated mass spectrum, ∆S receives

non-trivial contributions from them. This is because

(Dp,Dc

q
) are mixed with (X,Xc

) and (N,Nc
) while the

latter violate weak isospin (recall that the S parameter

preserves custodial but violate weak isospin.). The de-

pendence of mh, R(h → γγ), ∆S and ∆T on γ(γc
= γ)

and tanβ are shown in Fig. 2. As is expected, with a

fixed tanβ, R(h→ γγ) tends to be enhanced for a larger

|γ|; and with a fixed γ, ∆T tends to be smaller while

tanβ is close to 1. In scenario II, R(h → γγ) is mainly

enhanced by the lightest charged scalar φc
1. φc

1 is light

because its soft mass parameter is small. Different from

scenario I, the di-photon decay width is more sensitive

to Aγ due to the involved h − φc
1 − φc

1 coupling. Be-

cause of the accidental cancelation discussed above, ∆T
is typically small, while tanβ ∼ 1 can bring a further

suppression. At last, the dependence of mh, R(h→ γγ),

∆S and ∆T on Aγ and tanβ is shown in Fig. 3.
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